A simple and high-throughput method to simultaneously determine selected benzodiazepines (i.e., diazepam, lorazepam, clonazepam, and bromazepam) in urine was developed and validated. The entire methodology consisted of the application of an innovative extraction/cleanup procedure, namely liquid-liquid extraction with low-temperature partitioning (LLE-LTP), and analysis by liquid chromatography combined with high-resolution mass spectrometry (LC-HRMS). The LLE-LTP procedure was optimized via factorial design and by evaluating crucial variables, specifically the freezing mode (either slow or fast), the urine/acetonitrile volume ratio, and the sample ionic strength. The benzodiazepines were quantified using matrix-matched calibration curves where the following parameters were assessed by validation protocol: in general, linearity range of 17 -200 µg·L -1 (r > 0.9957); limits of detection lower than 5 µg·L -1
Introduction
Benzodiazepines are the most widely prescribed sedative and hypnotic drugs that are used and are readily available worldwide. Their main pharmacological actions produce hypnotic, antianxiety, muscle relaxing, and anti-convulsive effects. Benzodiazepines may also induce anterograde amnesia at therapeutic doses with increasing risks at higher dosages [1] . Moreover, the misuse of these drugs can lead to intoxication and even dependence. Benzodiazepines and related drugs have also been associated with cases of crime, homicide, suicide, robbery, and sexual assault, which certainly represent a matter of major concern [2, 3] . Benzodiazepines are extensively metabolized. Acid and enzyme hydrolysis of the urine specimens to convert these analytes to their free forms could be used to improve detection [3] [4] [5] . However, acidcatalyzed hydrolysis procedures used to de-conjugate benzodiazepine glucuronides during urine drug testing are known to decompose some benzodiazepines into common benzophenones [6, 7] . Recently, the literature has reported that hydrolysis methods employing β-glucuronidase may produce artifacts [8] . Moreover, these procedures are time consuming, varying from 1 to 18 hours [9] .
Sensitive, fast, and low-cost analytical methods are increasingly required in forensic and clinical toxicology to identify and quantify the most common benzodiazepines in different biological matrices. Urine has been the most widely used biological matrix for the determination of benzodiazepines and metabolites in drug abuse testing and toxicology. Compared to other matrices, urine exhibits several advantages, particularly its ease of collection. Because of that, most of the analytical procedures have been designed to use this matrix [10] . Among such procedures, two techniques have risen to the fore: immunoassay [11] and chromatography (gas chromatography or liquid chromatography) [4, 5, 12] . However, whereas gas chromatography (GC) usually requires derivatization steps that demand an inconveniently long analysis time [13] , liquid chromatography (LC) does not require these steps. Furthermore, by combining a liquid chromatographer to a time-of-flight mass spectrometer (TOFMS) bearing an electrospray ionization (ESI) source, an instrument of superior performance (LC-ESI-TOFMS) is obtained. These instruments have proven to be extremely effective in the analyses of abused drugs, including benzodiazepines, not only for urinalysis but also for a number of other biological samples [14] .
Different procedures that are used to extract drugs from biological fluids for analysis by LC-MS and to remove impurities contained in human body fluids have been described, including LLE (liquid-liquid extraction) [12] , SPE (solid phase extraction) [4, 15, 16] , and SPME (solid phase micro-extraction) [17] . Recently an innovative methodology, called liquid-liquid extraction with low temperature partitioning (LLE-LTP), has demonstrated excellent performance in analysis of organic contaminants in different matrices, such as water [18] and food [19] . This simple extraction procedure consists of adding a small amount of an organic solvent (usually acetonitrile) to a given aqueous sample (urine in this case) and refrigerating the resulting mixture at -20˚C for approximately 1 hour. Under these conditions, the aqueous phase solidifies, whereas the liquid supernatant, consisting mainly of the organic solvent and solubilized analytes, can be promptly isolated and subsequently analyzed. The main advantage of this procedure is that only one step is typically all that is required to obtain a clean extract.
The purpose of the present study was therefore to develop and validate a simple and fast method based on an unprecedented application of the LLE-LTP procedure and to determine the most common benzodiazepine drugs (i.e., diazepam, clonazepam, lorazepam, and bromazepam) in urine without having to go through a hydrolysis step. The extracts obtained upon the LLE-LTP procedure were analyzed in an LC-ESI-IT-TOFMS instrument, which comprises a liquid chromatographer coupled to a high-resolution mass spectrometer containing an electrospray ionization source and two sequentially arranged analyzers (i.e., an ion trap and a time-of-flight mass spectrometer).
Experimental

Reagents and Chemicals
Diazepam, clonazepam, lorazepam, bromazepam, and chlordiazepoxide (internal standard-IS) were all purchased from Sigma-Aldrich (St. Louis, USA). Figure 1 shows the structures of benzodiazepines evaluated in this work and of the internal standard. Stock solutions were prepared by dissolving 10 mg of a given analyte in 10 mL of methanol (Merck, Darmstadt, Germany) and were stored at -20˚C. Working solutions of these analytes were prepared by successive dilutions with acetonitrile (Merck, Darmstadt, Germany). Other reagents used were formic acid (Synth, Diadema, SP, Brazil), ammonia (Synth, Diadema, SP, Brazil), and sodium chloride (Merck, Darmstadt, Germany). Deionized water obtained from a Milli-Q system (Millipore DirectQ 3, France) was used to prepare solutions and to perform dilutions. A solution of ammonium formate (2.0 mmol·L -1 ) was obtained by diluting 0.105 mL of ammonia (25 % m·v -1 ) and 0.154 mL of pure formic acid to a final volume of 1000 mL with deionized water.
Samples
A pool of blank human urine samples, collected from ten healthy volunteers in respective flasks, was used for the optimization and validation experiments. To evaluate the method's overall performance, urine samples were collected from two benzodiazepine users. All of these samples were stored immediately on receipt at 4˚C. The LC analyses were performed within three days of the initial sample storage.
20AC autosampler. The injection volume was 5 μL, and the chromatographic separation was performed on an Agilent R × C18 column (3.0 μm × 150 × 2.1 mm) maintained at room temperature. Flow rate was 0.2 mL·min -1 , and the mobile phase comprised mixtures at distinct proportions of an aqueous solution of ammonium formate 2.0 mmol·L -1 (A) and acetonitrile (B). Chromatographic separation was carried out using a gradient method according to the following regimen: 30% B to 50% B in 7.5 min; hold at 50% B for 1.5 min; 50% to 100% B in 4 min; reduce to 30% B for 0.5 min and hold for another 4.5 min. The total run time was 18 min. Mass spectrometry detection was performed using a Shimadzu LC-ESI-IT-TOFMS instrument working at high-resolution and high mass accuracy (<5 ppm) under the following conditions: ESI ionization at +4.5 KV and nebulizer gas at 1.5 L·min -1 , curved desorption line (CDL) interface at 200˚C, and drying gas at 100 kPa; octapole ion accumulation time of 100 ms. Full scan mass spectra from m/z 100 to 1000 were acquired with a scan time of 0. 
Optimization of the LLE-LTP Procedure and LC-ESI-IT-TOFMS Analyses
The LLE-LTP procedure was optimized by evaluating the following variables: 1) type of freezing (1 h ); and 3) urine/acetonitrile volume ratio (1:1 or 2:1). Aliquots (0.5 mL or 1.0 mL) of blank human urine samples were pipetted into 1.5 mL vials and enriched with the solutions of the benzodiazepines (i.e., diazepam, clonazepam, lorazepam, and bromazepam) to reach a final concentration of 100 μg·L -1 for each compound and with 150 μg·L -1 chlordiazepoxide (IS). The ionic strength of each solution was adjusted by adding the aforementioned amounts of NaCl followed by adding 0.5 mL of acetonitrile. The resulting mixtures were vortex-mixed for 30 s and then placed in a freezer for 1 h or submitted to freezing in liquid nitrogen for 8 s. The organic extracts were then separated from the frozen aqueous phase. In this procedure, around 0.2 mL of each organic extract was transferred to another vial with a micropipette, and 5 μL was injected into the LC-ESI-IT-TOFMS system. After acquisition, extracted-ion chromatograms were generated for each analyte by selecting the specific [M + H] + ions (see Table 1 ). Extraction mass window widths that ranged from 10 to 200 mDa were employed.
Method Validation
Validation was conducted to assess the following parameters: selectivity, linearity, extraction recovery, limit of detection (LOD), limit of quantification (LOQ), accuracy, and precision. Matrix-matched (MM) calibration curves were used. For this, aliquots of blank urine samples were submitted to the LLE-LTP procedure, and the extracts were spiked with the benzodiazepine solutions to generate final concentrations of each compound at concentrations of 0, 1, 5, 10, 30, 50, 100, 150 and 200 μg·L -1 . Analyses at each concentration level were performed in triplicate, and the MM calibration curves were constructed by plotting the chromatographic peak-area versus the nominal concentration of a given analyte. Linearity was investigated in a concentration range of 0 -200 μg·L -1 and was evaluated by the coefficient of correlation (R).
To determine the extraction recovery, human urine samples (0.5 mL) were spiked with each benzodiazepine in the concentration of 100 µg·L -1 (n = 3) and submitted to the extracting procedure. Another set of samples were prepared extracting 0.5 mL aliquots of human urine and then spiking the extract with the same amount of benzodiazepines. The recovery was calculated by comparing the areas obtained before and after extraction and it was expressed as percentage of the amount extracted.
The limits of detection and quantification were estimated at signal-to-noise ratios of 3 and 10, respectively.
Precision and accuracy were evaluated by spiking human urine samples with the benzodiazepine compounds at concentrations of 30, 100 and 150 μg·L -1 (n = 5). The results obtained for precision and accuracy were expressed as relative standard deviation (RSD, %) and recovery (%), respectively. 
Results and Discussion
LC-ESI-IT-TOFMS Analyses
The development of a sensitive and selective chromatographic methodology to simultaneously determine four benzodiazepine compounds (i.e., diazepam, lorazepam, clonazepam, and bromazepam) in urine required extensive studies to obtain the composition of the mobile phase and the gradient program that yielded optimal results. This assessment is of central importance because the acquisition of sharp and intense chromatographic peaks may improve overall method accuracy. A gradient of acetonetrile/ammonium formate was therefore selected and used to verify the efficiency of the developed chromatographic method. Figure 2 shows the resulting extracted-ion chromatograms for all the analytes, obtained in segmented mode. The unequivocal determination of all analytes was facilitated by the use of a mass analyzer (TOF) with high-resolution capabilities. The ability to determine the m/z of the protonated benzodiazepines within 5 parts per million (i.e., mass assignment to four decimal places) enabled the assignment of a unique elemental formula for each compound based on the mass sufficiency of the constituent atoms ( Table 1) .
Extraction Method
The LLE-LTP procedure was optimized to maximize the extraction rates. To accomplish this, factorial designs were constructed, and three variables were evaluated: 1) type of freezing (1 h in a refrigerator or 8 s in liquid nitrogen); 2) ionic strength of the solution (adjusted by the addition of NaCl at 0 or 0.2 mol·L -1 ) and 3) urine/acetonitrile volume ratio (1:1 or 2:1). As a urine/acetonitrile volume ratio of 2:1 (1 mL of urine to 0.5 mL of acetonetrile) did not promote phase separation, a volume ratio of 1:1 was selected as the optimized value for this variable. To verify the influence of the other two variables, i.e., the type of freezing (variable 1) and the ionic strength (variable 2) a 2 2 factorial design was planned. The results indicated that variable 1 had a significant and negative effect. This result means that higher recoveries were obtained when the slower freezing method was applied. A longer freezing time is relevant as it probably allows the analytes to migrate more efficiently from the aqueous into the organic phase. Finally, variable 2 presented a positive effect; therefore, the increasing of the ionic strength of the urine samples (by the addition of NaCl 0.2 mol·L -1 ) improved the recovery rates for all benzodiazepines.
The extraction method optimized present advantages: easy to perform, low consume of acetonitrile (0.5 mL/ sample) and high-throughput (200 samples can be extracted simultaneously in 2 hours).
The optimized conditions were used to validate the entire method as further discussed below.
Method Validation
To validate the method, the following parameters were evaluated: selectivity, linearity, extraction recovery, LOD, LOQ, precision, and accuracy.
Selectivity
The method was shown to be selective when no peaks (>LOQ) were detected in known blank samples of urine at the retention times of the analytes ( Table 1) . The application of the LLE-LTP procedure, which obtained clean extracts, and the use of a high-resolution mass analyzer (TOF), which served to differentiate between compounds with slightly different masses, allowed the development of a method with high selectivity, and negligible background interference.
Linearity, Limits of Detection and Quantification
The suppression effect and matrix effect were previously assayed. An ion suppression effect was not present. The matrix effect was observed when comparing the slopes of two calibration curves by an F test and Student's t test. The first curve was prepared by diluting a working solution containing all benzodiazepines in pure acetonitrile. The second calibration curve was prepared by diluting the working solution in an extract of the blank matrix. For this reason, all the calibration curves used in this work were prepared in the matrix extract. Table 2 shows the correlation coefficients (R), the slopes, and the intercepts of the MM calibration curves for all analytes at the concentration range evaluated. The correlation coefficients, curve range from LOQ to 200 µg·L -1 , were satisfactory for all compounds, varying from 0.9957 for diazepam to 0.9998 for clonazepam. With the data provided by the lowest concentration level evaluated, the limits of detection and limits of quantification were estimated. The LODs ranged from 1 to 5 μg·L -1 , whereas the LOQs ranged from 3.3 to 17 μg·L -1 . The LODs and LOQs for diazepam, lorazepam, clonazepam, and bromazepam that were obtained from the present method were lower than previously reported results [4] . Finally, it should be emphasized that the present method is fully adequate to be applied to cases of clinical and forensic toxicology when the concentrations of benzodiazepines in urine reach values considerably higher than the LOQs obtained in this study.
Extraction Recovery, Precision and Accuracy
Recoveries of benzodiazepines ranged from 72.4% to 100.4% employing proposed method. Results are showed in Table 3 .
The method's precision ranged from 6.3% to 12.5% for the lowest concentration evaluated (30 μg·L ). These results are summarized in Table 4 . According to Peters and Maurer [20] , acceptable precision parameters for a given method must be below 15%. These results thus indicated that the present method is suitably precise. The accuracy for the different benzodiazepines in urine ranged from 72.9% to 117%. In general, the accuracy obtained in this work is suitably better than the values obtained from previous methods developed for a simultaneous detection of benzodiazepines [4] as well as lorazepam [13] .
Acid and enzymatic hydrolyses of the urine specimens are used to convert the analytes to their free forms and to improve detection [21] , but these procedures present a number of drawbacks, such as producing artifacts and Table 2 . Linear equation, correlation coefficient, limit of detection, and limit of quantification for the benzodiazepines studied. consuming time [6] [7] [8] [9] . In this work, a hydrolysis reaction was not produced; nevertheless, the proposed method presented characteristics suitable to clinical and forensic applications involving the use of benzodiazepines, where the concentration of the unchanged compound is appropriate. Demonstrating the applicability of this method, it was employed to analyze actual samples.
Method Application
The optimized method was applied to analyze urine samples collected from two subjects undergoing diazepam treatment. For the first subject, the concentration of diazepam was determined as 41 ± 3 μg·L -1
. For the second subject, diazepam was quantified in a concentration of 105 ± 5 μg·L 
Conclusions
In this work a simple and high-throughput method was developed and validated to analyze benzodiazepines in urine samples. The method employed an innovative procedure, LLE-LTP, followed by analysis via liquid chromatography combined with high-resolution mass spectrometry (HRMS). The extraction method proposed not required sophisticated materials, the reagent consumption is minimal and approximately 200 samples can be extracted simultaneously in 2 hours. Acceptable LOQs, precision, and accuracy were obtained. Furthermore, this method was applied for the first time to the determination of diazepam in actual urine samples. Finally, these results clearly demonstrate that the proposed methodology is simple, rapid, and sensitive enough to be used as a routine procedure to determine the presence of benzodiazepines in urine.
